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@ Operation of an internal connbustion engine (1) is 
controiled by an engine management system (8) in 
response to a lambda sensor (5) which monitors the 
oxygen content of exhaust gas flowing into a cata- 
lytic converter (4). A universal exhaust gas oxygen 
(UEGO) sensor (6) monitors the amount of oxygen In 
exhaust gas leaving the converter (4). The engine 
management system (8) cycles the air/fuel ratio 
above and beiow stoichiometric and the peak-to- 
peak amplitude of the UEGO sensor output repre- 
sents the performance of the catalyst In the con- 
verter (4) such that larger amplitudes correspond to 
poorer performance. 
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EXHAUST OAS CATALYST MONITORING. 



The present invention relates to a method of 
and an apparatus for monitoring an exhaust gas 
catalyst 

Vehicles employing internal combustion en- 
gines are increasingly being required to lower the 
production of air-polluting gases In ttieir exhaust 
emissions. In order to achieve the requirements 
which are t>eing imposed by various legislatures on 
maximum limits for exhaust gas pollutants, it is 
common nowadays for automotive internal combus- 
tion engines to be fitted with exhaust systems 
including catalytic converters tfirough which tfie 
exhaust gases produced by the engine pass. Such 
converters include a catalyst, usually a metal or 
metal compound, which converts the undesirable 
gases emitted by tfie engine Into less hamnful 
gases for venting into the atmosphere. For in- 
stance, catalytic converters are available for con- 
verting unbumt or partially bumt hydrocartwns and 
carbon monoxide into water and carbon dioxide 
and for reducing oxides of nitrogen to nitrogen and 
oxygen. 

The working life of the catalyst in such convert- 
ers for efficient conversion is limited and can be 
greatly reduced if tiie catalyst is "poisoned" by tiie 
appearance of certain pollutants in tiie engine ex- 
haust or by overheating. It is therefore desirable 
and. In some legislatures, essential for the perfor- 
mance of the catalytic converter to be monitored 
so as to provide an indication of when tiie effi- 
ciency of tiie converter has fallen to a level such 
that it requires replacement. 

One proposal for monitoring tiie efficiency of 
operation of a catalytic converter is based on mea- 
surement of oxygen In the engine exhaust gases 
by what is known as a lambda sensor A first 
lambda sensor is located so as to monitor gases 
entering tiie converter and a second lambda sensor 
Is located so as to monitor gases leaving the con- 
verter. Each of tiie sensors provides a two-state 
output voltage signal which has a first value when 
oxygen concentration is greater tfian a tiireshold 
and a second value when oxygen concentration is 
less tiian a tiireshold in tiie gases to which tiie 
sensors are exposed. The engine is equipped witfi 
a fuelling control system having an input for vary- 
ing tiie ratio of air to fuel, this input being con- 
nected alternately to tiie first and second lambda 
sensors. 

Rgures 1 and 2 of the accompanying drawings 
illustrate graphically tiie effect on oxygen concen- 
tration in the exhaust gas and the output signals of 
tiie first and second sensors. Rgure 1 is a graph of 
oxygen concentration, as a ratio of actual con- 
centration to ttie tiireshold, against time in seconds 



whereas Figure 2 is a graph of tiie sensor output 
signals In tenms of voltage against time In seconds, 
tiie time axis of Rgure 2 conresponding to tiie time 
axis of Rgure 1. During an initial phase of opera- 

5 tion, the first sensor monitoring gases entering the 
converter is connected to tiie fuelling control Input 
of the fuelling control system so as to fomn a feed- 
back loop which attempts to keep tiie oxygen con- 
centration about tiie tiireshold level. As shown in 

10 Rgures 1 and 2, tills phase of operation extends 
until a time of 20 seconds, after which the first 
sensor is disconnected from tiie input and tiie 
second sensor is connected to tiie input for a 
second phase of operation during which tiie air/fuel 

IS ratio is controlled on the basis of tiie concentration 
of oxygen in the gases leaving tiie converter. 

As can be seen from Rgure 1, during tiie first 
phase . of operation, the oxygen concentration is 
maintained at the threshold witfiin dose limits and 

20 tiie output signal of the first sensor switches at a 
relatively high rate. During the second phase of 
operation, the oxygen concentration in tiie gases 
leaving the converter varies over a wider range and 
the output of the second sensor switches at a 

25 relatively low rate. It has been found tiiat the ratio 
of tiie switching rates between the first and second 
phases provides a measure of tiie efficiency of 
operation of tiie catalytic converter. 

Rgure 3 of the accompanying drawings is a 

30 graph of tiie ratio of tiie switching rate during tiie 
first phase to the switching rate during the second 
phase at constant engine speed measured over a 
period of use in terms of distance travelled in miles 
by a typical vehicle. The graph is obtained by 

36 periodically recording ttie ratio when tiie engine is 
running at the specified speed for a time sufficient 
to enable tiie ratio to be established. 

The curve of Rgure 3 illustrates a gentiy slop- 
ing downward trend with distance travelled by tiie 

40 vehicle corresponding to the natural degradation of 
tiie catalyst In use, and represents normal cir- 
cumstances where an efficient catalyst Is not sub- 
jected to increased rates of degradation, for in- 
stance caused by poisoning. It is possible to estab- 

45 lish a tiireshold value for ttie ratio such ttiat, when 
the ratio falls below the threshold value, an Indica- 
tion Is provided tiiat tiie efficiency of ttie catalytic 
converter is no longer acceptable and ttie converter 
should be replaced. 

50 Although ttiis system is reasonably effective in. 
monitoring tiie state of the converter, a disadvan- 
tage is tiiat the rate of change of tiie switching rate 
ratio with time is very small, as illustrated by the 
shallow slope of ttie curve in Rgure 3. The value of 
ttie ratio therefore remains close to ttie ttireshold 
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level and reliable detection of the end of the useful 
life of the converter is therefore difficult. In particu- 
lar, relatively small tolerances in manufacture can 
result either in a still-efficient converter being in- 
dicated as unsatisfactory or in an unsatisfactory 
converter remaining in use. This arrangement 
therefore lacks accuracy and, if tiie tiireshold level 
is set so as to ensure tiiat unsatisfactory converters 
do not remain in use, results in an increase in the 
cost and use of materials caused by premature 
replacement of satisfactory converters. 

According to a first aspect of ttie invention, 
ttiere is provided a metiiod of monitoring catalyst 
performance in an exhaust gas catalytic converter 
of an internal combustion engine, comprising com- 
paring tiie level of oxygen in exhaust gas entering 
tiie converter witii a tiireshold level, contiroiling the 
air/fuel ratio of the engine in response to the com- 
parison, detecting tiie level of oxygen in exhaust 
gas leaving the converter, and measuring tiie peak- 
to-peak value of the detected level. 

According to a second aspect of tiie invention, 
there is provided an apparatus for monitoring cata- 
lyst performance In an exhaust gas catalytic con- 
verter of an internal combustion engine, comprising 
means for comparing the level of oxygen in ex- 
haust gas entering the converter witii a tiireshold 
level, means for controlling tiie air/fuel ratio of tiie. 
engine in response to tiie comparing means, 
means for detecting tiie level of oxygen In exhaust 
gas leaving the converter, and means for measur- 
ing tiie peak-to-peak value of the detected oxygen 
level. 

The comparing means may comprise a trans- 
ducer of tiie lambda sensor type which normally 
produces an output signal having two states as 
described hereinbefore. Although a lambda sensor 
can be arranged to produce an "analog" signal 
representing oxygen, it is preferred to use as tfie 
detecting means a universal exhaust gas oxygen 
(UEGO) sensor which provides an output signal 
which Is a continuous function or analog of tiie 
oxygen concentration in the exhaust gas, and 
which can be related to tiie air/fuel ratio of the 
engine. For instance, UEGO sensors which give an 
output voltage substantially proportional to oxygen 
level are available and may be used as tiie detect- 
ing means. 

It has been found that the peak-to-peak value 
of the detected oxygen level with tiie engine op- 
erating under closed loop lambda control provides 
a measure of tiie efficiency of tiie catalyst in tiie 
converter. The peak-to-peak value provides a sen- 
sitive indication of catalyst efficiency and. for In- 
stance, may be compared witii a tiireshold value so 
as to give an indication of when tfie converter 
wori<ing life has been exhausted, which comparison 
is substantially more sensitive tiian in tiie case of 



tiie previously described known arrangement. 

The peak-to-peak value may be measured at 
one or more predetermined engine speeds and, for 
Instance, compared witii a respective tiireshold val- 
5 ue for tiie or each engine speed. The peak-to-peak 
measurements may be averaged so as to make tfie 
measurement substantially immune to the effects 
of occasional or short term erratic or unrepresen- 
tative behaviour. 
TO Relatively poor catalyst performance is indi- 
cated by relatively large peak-to-peak values. 

The invention will be further described, by way 
of example, witii reference to ttie accompanying 
drawings, In which: 
76 Rgure 1 is a graph of oxygen concentration 
against time for a known monitoring technique; 
Figure 2 is a graph of lambda sensor output 
signal against time corresponding to ttie graph 
of Figure 1 ; 

20 Figure 3 illustrates performance of the technique 
illustrated in- Rgures 1 and 2 over a period of 
use; 

Rgure 4 is a block schemati'c diagram of a 
vehicle internal combustion engine incorporating 
25 a catalyst monitor constituting an embodiment of 
the present invention: 

Rgure 5 is a block schematic diagram of the 

catalyst monitor of Rgure 4; 

Rgure 6 Is a graph of lambda sensor output in 

30 volts against time in seconds; 

Rgure 7 is a graph of UEGO sensor output 
represented as air/fuel ratio (AFR) against time 
in seconds witii tfie time axis of Rgure 7 cor- 
responding to tiie time axis of Rgure 6; and 

35 Rgure 8 Is a histogram illusb-ating the perfor- 
mance in temns of UEGO amplitude for a variety 
of catalysts. 

As shown in Rgure 4, an automotive internal 
combustion engine 1 has an exhaust manifold 2 

40 connected to an exhaust system 3 for venting 
exhaust gases to tfie atmosphere. The exhaust 
system 3 (only part of which Is shown) includes a 
catalytic converter 4 of the "tfiree-way type" for 
converting noxious or undesirable constituents of 

45 the exhaust gas into acceptable gases. The con- 
verter 4 contains a catalyst witfi a large surface 
area exposed to the exhaust gases passing through 
tfie converter and is of well known type. A lambda 
sensor 5 is an'anged upsf earn of tfie converter 4 

50 so as to monitor tfie oxygen content of exhaust 
gases entering tiie converter. A universal exhaust 
gas oxygen (UEGO) sensor 6 is arranged down- 
stream of tfie converter 4 so as to monitor the 
oxygen content of gases leaving the converter 4. A 

55 suitable UEGO sensor is made by N.T.K. and is 
. identified by part No.TL7202. 

The output of ttie lambda, sensor 5 is con-' 
nected to an air/fuel ratio (AFR) Input 7 of an 
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engine management system 8 which is shown dia- 
grammatically as being connected to an inlet mani- 
fold 9 of the engine 1 . For instance, the engine 1 is 
operated with a stoichiometric mixture of air and 
fuel by the engine management system 8 under 
closed loop control. The lambda sensor 5 responds 
to a threshold level of oxygen or oxygen concentra- 
tion in the exhaust gas entering the converter 4 and 
supplies a two state output signal representing 
oxygen levels or concentrations above and below 
the ttireshold level. The output signal of tiie sensor 
5 is used by tfie engine management system 8 to 
vary ttie APR so as to maintain stoichlometry. 

The UEGO sensor 6 is connected to a catalyst 
monitor 10 whose construction is illustrated in Fig- 
ure 5. 

The output from the UEGO sensor 6 is con- 
nected to tine input of a circuit 11 for filtering out 
noise and removing offsets from the sensor output 
signal. The output of the circuit 1 1 is supplied to a 
zero gradient detector 12 which produces an output 
pulse each time tfie gradient of the wave form of 
the signal from the circuit 1 1 is equal to zero I.e. at 
the maxima and minima of ttie wave form. The 
sampling signal from the detector 12 Is supplied to 
a sampling circuit 13. 

The output signal from ttie circuit 11 Is also 
supplied to tfie input of a delay circuit 14 which 
delays the signal by a short time delay equal to the 
propagation delay of tfie detector 12, tfie delayed 
signal being supplied to a signal Input of the sam- 
pling circuit 13. Thus, tfie maxima and minima of 
tfie wave fomn are received by tfie circuit 13 si- 
multaneously witfi tfie conresponding sampling 
pulses from tfie detector 12. The circuit 13 ttius 
supplies at Its output the maximum and minimum 
peak values of the wave form. These peak values 
are supplied to a difference forming circuit 15 
which subtracts the peak minimum values from the 
peak maximum values in order to form the peak-to- 
peak amplitude of tfie wave form for each wave 
form cycle, tfie peak-to-peak values being supplied 
to an averaging circuit 16 which supplies an aver- 
age signal representing a measure of the peak-to- 
peak amplitude of the UEGO sensor output signal. 

The output signal of the monitor circuit 10 may 
be used in various ways. For instance, it may be 
monitored by a suitable indicator so as to indicate 
tfie perfomnance of tfie catalyst, for instance during 
servicing of a vehicle equipped with tfie engine. 
The signal may be stored, for Instance in non- 
volatile electronic memory, for subsequent analysis 
by service personnel. Figure 5 shows tfie signal 
being supplied to a comparator (17) which com- 
pares it with an acceptable ttireshold value to pro- 
vide a visible or audible indication, for Instance to a 
vehicle driver, by means of an indicator (18) when 
tfie peak-to-peak value exceeds tfie threshold val- 



ue, tfius indicating tfiat tfie efficiency of operation 
of tfie catalytic converter is unacceptable. 

Rgure 6 illustrates the output signal of the 
lambda sensor 5 and Rgure 7 illustrates the output 

5 signal of tfie UEGO sensor 6 for comparison there- 
witfi. The lambda sensor produces a two-state out- 
put signal indicative of whether tfie oxygen level or 
concentration in exhaust gases entering the cata- 
lytic converter is greater than or less than a tfiresh- 

70 old level, for instance conresponding to a 
stoichiometric combustible mixture. The actual lev- 
el or concentration of oxygen In the engine exhaust 
gas tiius oscillates about the desired level witfiln 
nanrow limits because of tfie closed loop response 

75 of tfie AFR control system. 

As the oxygen level In the exhaust gas from 
tfie engine varies witti ttie cycling of tfie AFR 
above and below stoichlometry, tfie catalyst al- 
temately oxidises and reduces tfie undesirable con- 

20 stituents of the exhaust gas. The effectiveness of 
tiie catalyst Is tfierefdre dependent in an inverse 
manner on tfie oxygen present in the gases leaving 
the converter, and the level or concentration of 
oxygen in this gas is converted by ttie UEGO 

25 sensor into a conresponding analog signal which 
can be proportional to AFR, as illustrated In Figure 
7. The peak-to-peak amplitude of tfie wave form in 
Rgure 7 thus represents the efficiency of tfie cata- 
lyst in tfie converter such that greater peak-to-peak 

30 amplitudes conrespond to reduced efficiency of tfie 
catalyst 

Rgure 8 illustrates the results of tests carried 
out on a number of different catalysts using tfie 
apparatus shown In Figures 4 and 5. Columns 20 

35 to 23 illustrate tfie UEGO sensor output signal 
peak-to-peak amplitudes for four catalysts in good 
condition and wori<lng correctiy after 2.000. 14.000, 
27,000. and 67.000 miles, respectively. Column 24 
illustrates the peak-to-peak amplitude for tfie case 

40 of a broken or expired catalyst and column 25 
illustrates tfie peak-to-peak amplitude for a con- 
verter from which the catalytic material has been 
omitted. Otfierwise, tfie converters which were 
used to gather the data illustrated in Rgure 8 were 

45 of substantially identical construction. 

As illustrated in Rgure 8, the peak-to-peak 
amplitudes for a range of catalysts varying from 
almost new to a catalyst subjected to 67.000 miles 
of normal operation are substantially smaller tfian 

50 tfie amplitudes represented by tiie columns 24 and 
25 conBsponding to converters whose operation is 
unacceptable or nil. Efficient converters can there- 
fore readily be discriminated from unacceptable 
converters witfi a high degree of sensitivity and 

55 reliability. For Instance, an acceptability threshold 
of, for instance, between 1 and 1.2 could be used 
to provide a reference comparison for acceptability 
of operation. The sensitivity of tfiis monitoring tech- 
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nique gives very good discrimination t)etween ac- 
ceptable and unacceptable catalytic converters and 
provides an accurate indication of poisoning of or 
damage to the catalyst and life expiry of the cata- 
lyst. It is therefore possible to ensure that catalytic 
converters are not replaced before the end of their 
wori<ing life while preventing the continued use of 
converters which are no longer operating efficient- 
ly. Thus, waste of resources and cost of replace- 
ment can be substantially reduced compared with 
known techniques of monitoring catalysts. 

Claims 

1. A method of monitoring catalyst performance 
in an exhaust catalytic converter (4) of an 
internal combustion engine (1). comprising 
comparing the level of oxygen in exhaust gas 
entering the converter (4) with a threshold lev- 
el, controlling the air/fuel ratio of the engine 
(1) in response to the comparison, detecting 
the level of oxygen in exhaust gas leaving the 
converter (4). and measuring the peak-to-peak 
value of the detected level to provide a mea- 
sure of catalyst performance. 

2. A method as claimed In Claim 1, characterised 
by repeatedly measuring the peak-to-peak val- 
ue of the detected level to form a plurality of 
values and averaging the plurality of values to 
provide the measure of catalyst perfomnance. 

3. A method as claimed In Claim 1 or 2. charac- 
terised by comparing the measure of catalyst 
performance with a threshold value and signal- 
ling an unacceptable catalytic converter If the 
measure exceeds the threshold value. 

4. A method as claimed in any one of the preced- 
ing claims, characterised by measuring the 
peak-to-peak value of the detected level at 
each of a plurality of engine speeds. 

5. A method as claimed In Claim 4 when depen- 
dent on Claim 2, characterised by repeating 
the measuring and averaging at each of the 
plurality of engine speeds. 

6. A method as claimed in Claim 4 or 5 when 
dependent on Claim 3, characterised by com- 
paring the measure for each of the plurality of 
engine speeds with a respective threshold val- 
ue. 

7. An apparatus for monitoring catalyst perfor- 
mance in an exhaust gas catalytic converter of 
an Internal combustion engine, comprising 
means for comparing the level of oxygen in 



exhaust gas entering the converter with a 
threshold level, means for controlling the 
air/fuel ratio of the engine in response to the 
comparing means, and means for detecting the 
5 level of oxygen in exhaust gas leaving the 
converter, characterised by means (12-15) for 
measuring the peak-to-peak value of the de- 
tected oxygen level to provide a measure of 
catalyst perfonmance. 

10 

8. An apparatus as claimed in Claim 7, charac- 
terised in that the detecting means comprises 
a universal exhaust gas oxygen sensor (6). 

75 9. An apparatus as claimed in Claim 7 or 8. 
characterised by means (17, 18) for comparing 
the measure of catalyst perfomnance with a 
threshold value and for signalling an unaccep- 
table catalytic converter if the measure ex- 

20 ceeds the threshold value. 

10. An apparatus as claimed in any one of Claims 
7 to 9, characterised by means (16) for averag- 
ing a plurality of measured peak-to-peak vaf- 

25 ues to provide the measure of catalyst perfor- 
mance. 

11. An apparatus as claimed in any one of Claims 
7 to 10. characterised in that the measuring 

30 means comprises a zero gradient detector 
(12), a gate (13) actuated by the detector (12) 
to pass maxima and minima from the detecting 
means (6). and differencing means (15) for 
forming the difference between the maxima 

35 and minima. 
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